Sulfate assimilation is a critical component of both primary and secondary metabolism. An essential step in this pathway is the activation of sulfate through adenylation by the enzyme ATP sulfurylase (ATPS), forming adenosine 5 0 -phosphosulfate (APS). Proteobacterial ATPS overcomes this energetically unfavorable reaction by associating with a regulatory G protein, coupling the energy of GTP hydrolysis to APS formation. To discover the molecular basis of this unusual role for a G protein, we biochemically characterized and solved the X-ray crystal structure of a complex between Pseudomonas syringae ATPS (CysD) and its associated regulatory G protein (CysN). The structure of CysND shows the two proteins in tight association; however, the nucleotides bound to each subunit are spatially segregated. We provide evidence that conserved switch motifs in the G domain of CysN allosterically mediate interactions between the nucleotide binding sites. This structure suggests a molecular mechanism by which conserved G domain architecture is used to energetically link GTP turnover to the production of an essential metabolite.
Introduction
G proteins are a mechanistically and evolutionarily conserved superfamily of proteins that function in a diverse array of cellular processes (Sprang, 1997) . G proteins typically serve as molecular ''switches'' or ''timers'' by cycling through large conformational changes associated with the binding and hydrolysis of GTP (Takai et al., 2001) . Some of the processes regulated by this protein family in eukaryotes include cellular proliferation and differentiation, vesicle trafficking, and cytoskeletal rearrangements. Bacterial G proteins are also used for a myriad of purposes (Caldon et al., 2001) . For example, Obg is a widely distributed G protein that has been implicated in the cellular differentiation of Streptomyces coelicolor (Okamoto and Ochi, 1998) and in the stress response pathway of Bacillus subtilis (Scott and Haldenwang, 1999) . Era, another conserved bacterial G protein, is essential for cell cycle control in E. coli (Gollop and March, 1991) .
A conserved nucleotide binding domain of w200 residues, the G domain, is responsible for controlling G protein function. Structural, biochemical, and genetic work has been performed on this domain in the context of several G proteins, including members of the Ras (Takai et al., 2001) , elongation factor (Andersen et al., 2003) , and heterotrimeric G protein families (Cabrera-Vera et al., 2003; Preininger and Hamm, 2004) . These studies have shown that the enzyme undergoes large conformational changes while cycling between the GTP and GDP bound states. Two motifs, termed switches 1 and 2, undergo reorientation, and in many cases even refolding, by virtue of contact exchanges with GTPMg 2+ and/or GDPMg 2+ . The typical outcome of these conformational changes is that the G protein oscillates between binding one or a set of proteins when bound to GTP and an entirely different protein or set of proteins when bound to GDP. The cycling rate between states varies by several orders of magnitude among G protein families and is often controlled in trans by a combination of GTPase activating proteins (GAPs), guanine nucleotide exchange factors (GEFs), and guanine nucleotide dissociation inhibitors (Andersen et al., 2003; Li and Zhang, 2004) .
CysN is a bacterial G protein that deviates significantly from the common paradigms through which these proteins typically function. This enzyme is an essential component of the proteobacterial ATPS, which catalyzes the production of APS and pyrophosphate (PP i ) from ATP and sulfate ( Figure 1A ). As the first step in the sulfate assimilation pathway, this process is crucial for the biosynthesis of sulfur-containing amino acids and cofactors, and sulfated metabolites. E. coli ATPS is known to consist of CysN and another, smaller subunit, CysD (Leyh et al., 1988) . CysD belongs to the ATP pyrophosphatase (ATP PPase) family of proteins, members of which include PAPS reductase (Savage et al., 1997) , GMP synthetase (Tesmer et al., 1996) , asparagine synthetase (Larsen et al., 1999; Oda et al., 1999) , and NAD + synthetase (Rizzi et al., 1996) . This subunit is responsible for directly forming APS under control of the G protein.
The reaction to form APS is extremely thermodynamically unfavorable (K eq = 1.1 3 10 28 at pH 8.0). As a consequence, the energy resulting from GTP hydrolysis by CysN drives the formation of a single high-energy chemical bond, the phosphoric-sulfuric acid anhydride bond of APS. In E. coli ATPS, this coupling harnesses the full energetic potential of GTP hydrolysis, shifting the equilibrium by six orders of magnitude toward APS formation (Liu et al., 1994b) . Leyh and colleagues have provided extensive insights into the biochemical mechanism of this coupling. One key aspect of this mechanism is that the affinity of the enzyme for GTP increases dramatically as ATP progresses to the a,b-cleaved state (Wei et al., 2000) . Prior to GTP hydrolysis, the enzyme isomerizes and becomes committed to APS synthesis (Wei and Leyh, 1999) .
Sulfur metabolism is an essential component of every living organism (Komarnisky et al., 2003; Marzluf, 1997; Saito, 2004; Townsend et al., 2004) . Sulfur prototrophs, including plants and microorganisms, are able to uptake and survive with sulfate as a sole sulfur source. Sulfate is unreactive under physiological conditions and therefore must be activated in order to enter cellular metabolism ( Figure 1B ). Activation begins with sulfate adenylation catalyzed by ATPS, leading to the production of APS.
In many sulfur prototrophs, APS can be reduced (Bick et al., 2000; Kopriva and Koprivova, 2004) and the sulfur atom is incorporated into metabolites such as cysteine and methionine. Alternatively, APS can be phosphorylated by APS kinase to produce 3 0 -phosphoadenosine 5 0 -phosphosulfate (PAPS; Figure 1B ) (Renosto et al., 1984) . In E. coli and some plants, PAPS serves as the substrate for the reductive branch of the pathway (Krone et al., 1991) . PAPS also serves as the universal sulfuryl group donor for sulfotransferases ( Figure 1B ), which are responsible for generating sulfated metabolites. Sulfated molecules are common mediators of cell-cell interactions in eukaryotes (Hemmerich and Rosen, 2000; Hemmerich et al., 2004; Moore, 2003) . A growing list of bacteria, including several species of the plant symbiont genus Rhizobium (Cronan and Keating, 2004; Hanin et al., 1997; Roche et al., 1991) and the human and plant pathogens Mycobacterium tuberculosis (Mougous et al., 2002a (Mougous et al., , 2002b (Mougous et al., , 2004 and Xanthomonas ooryzae (da Silva et al., 2004), respectively, also produce sulfated metabolites that have been implicated in interactions between the bacterium and their eukaryotic host.
The structure of ATPS enzymes from Saccharomyces cerevisiae, Penicillium chrysogenum, Thermus thermophilus, and a bacterial symbiont of the hydrothermal vent tubeworm Riftia pachyptila have been solved. These enzymes, however, do not require GTP and bear no sequence similarity to the bacterial enzyme (Beynon et al., 2001; MacRae et al., 2001; Taguchi et al., 2004; Ullrich et al., 2001) . Indeed, there is currently no suitable structural model for the energetic linkage of a G protein to the production of a core metabolite.
To provide molecular insight into the linkage between GTP hydrolysis and APS formation in ATPS, we biochemically characterized and solved the 2.7 Å X-ray crystal structure of a complex between Pseudomonas syringae ATPS and its regulatory G protein. Our biochemical analyses reveal that P. syringae possesses a previously undescribed type of bacterial sulfate assimilation gene cluster, in which the resident APS kinase gene is enzymatically inactive yet crucial for oligomerization and full activity of the complex. We demonstrate that GTP hydrolysis by CysN is not dependent on ATP hydrolysis by CysD, whereas ATP hydrolysis by CysD is highly dependent on the GTP hydrolytic activity of CysN. Structural studies of ATPS show that CysN and CysD form a tight 1:1 complex, with CysD bound to a central cavity formed by the junction of the three domains of CysN. CysN, bound to GDP (CysN GDP ) in our 
. Comparison of CysD to related structures shows that it possesses a unique insertion that makes extensive contacts to both switch domains of CysN. Limited proteolysis of CysN in the presence of various nucleotides indicates that conformational changes occur in the switch I region during the catalytic cycle. These data suggest that the energy of GTP hydrolysis by CysN is transmitted to the active site of CysD through changes in switch domain conformation.
Results and Discussion
The APS Kinase Domain of P. syringae CysNC Is Inactive The genes encoding CysN and CysD were originally identified and characterized in E. coli, where cysN and cysD were found to reside in an operon together with APS kinase (cysC; Figure 1C ) (Leyh et al., 1988) . Subsequent genomic studies of diverse bacteria have revealed several genetic arrangements of the cysN, cysC, and cysD genes. Notably, a fusion between cysN and cysC has been observed that leads to the production of a bifunctional protein (CysNC) with GTPase and APS kinase activities ( Figure 1C ) (Schwedock et al., 1994) . In the context of this fusion, CysN maintains its interactions with CysD, forming a single complex (CysNCD) that utilizes GTP hydrolysis to drive the formation of PAPS from ATP and sulfate.
Sequence comparisons of bacterial ATPS enzymes indicate that several Pseudomonas sp., including P. syringae, possess CysN proteins fused N-terminally to a protein with a high degree of homology to CysC ( Figure 1C ). Close examination of the sequence of the CysC region in these organisms, however, reveals the presence of multiple mutations in conserved motifs involved in APS binding ( Figure 2A ) ). In particular, two phenylalanine residues that form critical stacking interactions with APS in the crystal structure of the closely related P. chrysogenum APS kinase are mutated in a nonconservative fashion to Gln513 and Ile591 in each of the Pseudomonas CysNC fusions (Figures 2A and  2B ). An additional deletion of four conserved residues in the region adjacent to Ile591 (corresponding to residues 160-163 of P. chrysogenum APS kinase) should further disrupt APS binding. These observations, combined with structural modeling, suggested to us that the Pseudomonas CysNC lacks APS kinase activity (Figure 2B ). An apparent deteriorated APS kinase has also (C) In vitro activity of M. tuberculosis and P. syringae sulfate assimilation enzyme complexes. The indicated protein complexes were heterologously expressed and purified from E. coli JM81A lDE3.
35
SO 4 22 was used to follow APS and PAPS production from each complex in the presence and absence of GTP. Each complex required GTP for activity. The complete M. tuberculosis complex synthesizes PAPS, whereas the P. syringae CysNC*D complex is only capable of synthesizing APS. A P. syringae complex lacking the APS kinase-like domain (CysND) also is capable of catalyzing APS formation. The addition of the separately encoded P. syringae CysC protein restores PAPS production (CysNC*D/C).
been observed as a fusion to the fungal ATPS enzymes (Lalor et al., 2003; MacRae et al., 2001) . In this case, however, the kinase domain has P loop mutations that abolish activity. The domain retains PAPS and APS binding, which allosterically regulate the enzyme. Henceforth, we refer to the P. syringae open reading frame as cysNC*. We also noted the presence of a separately encoded apparent APS kinase paralog, CysC2, in the genomes of P. syringae and P. aeuruginosa ( Figure 1C ).
To investigate the activity of the Pseudomonas ATPS, we heterologously coexpressed P. syringae CysNC* and CysD in E. coli. A complex containing the two proteins was isolated from lysates utilizing a His 6 tag appended to the N terminus of CysD. To avoid contamination with endogenous E. coli APS kinase, we obtained an E. coli APS kinase-deficient strain (JM81A) and prepared it for inducible overexpression by transduction with the lDE3 lysogen (JM81A lDE3) (Leyh et al., 1988) . This strain was used for protein expression in all subsequent biochemical studies. We also purified the M. tuberculosis CysNCD complex by similar methods, as this complex has recently been shown to perform both ATPS and APS kinase reactions (Sun et al., 2005) .
Using these purified samples, APS and PAPS production was measured through an assay that allows product visualization by 35 SO 4 22 labeling. As expected, M. tuberculosis CysNCD produced PAPS, whereas P. syringae CysNC*D synthesized APS ( Figure 2C ). Importantly, both complexes required GTP for APS production. To ensure that the CysC* domain of CysNC* was not required for APS synthesis, we designed a truncation (residues 1-438, CysN) of the protein that lacked this domain. The truncation retained association with CysD ( Figures 3A and 3B ) and readily produced APS in a GTP-dependent manner ( Figure 2C ).
Our observation of a second, potentially functional APS kinase gene prompted us to investigate whether certain Pseudomonas sp. have the capability to produce PAPS. P. syringae CysC2, expressed and purified from E. coli JM81A lDE3, worked in concert with CysNC*D to produce PAPS ( Figure 2C ). This result demonstrates that P. syringae and likely other Pseudomonas sp. have a functional APS kinase and therefore are able to synthesize PAPS. Because these organisms possess an APS, rather than a PAPS reductase, CysC2 is likely not required for sulfur prototrophy and is essential only for the production of sulfated molecules ( Figure 1B ) (Bick et al., 2000) . Indeed, an open reading frame predicted to encode for a sulfotransferase has previously been identified on the avrD locus of P. syringae pv. tomato (Hanin et al., 1997; Kobayashi et al., 1990) . Interestingly, the genome of P. putida, a nonpathogenic strain, does not appear to encode for a functional APS kinase.
The GTPase Activity of CysN Is Enhanced by Dimerization through CysC* We next sought to determine the function of the inactivated APS kinase portion of CysNC*. Prior biochemical and structural studies have shown APS kinase to be a dimer; therefore, we hypothesized that one function of the CysC* domain could be to multimerize the complex (MacRae et al., 2000) . To determine the contribution of CysC* to oligomerization, purified CysNC*D and CysND were subjected to analytical gel filtration chromatography ( Figures 3A and 3B ). Both complexes eluted as a single species at masses of 285 and 60 kDa for CysNC*D and CysND, respectively. Integration of SDS band intensities indicated a 1:1 stoichiometry of the two purified subunits. Using this restraint, the measured mass of CysNC*D is intermediate to that of a calculated a 2 b 2 tetramer and an a 3 b 3 hexamer. To resolve this ambiguity and provide direct evidence of oligomerization through CysC*, we purified a truncation of CysNC* containing only the CysC* portion (residue 448 to the C terminus of CysNC*) and subjected it to gel filtration ( Figure S1 available in the Supplemental Data with this article online). CysC* eluted at a mass closely matching that of a dimeric species (44.2 kDa measured versus 44.8 kDa calculated for the dimer). These results confirm that CysC* mediates oligomerization of CysNC*D.
To determine the effect of oligomerization on the enzymatic activity of CysNC*D, we measured the intrinsic (2ATP) and stimulated (+ATP) rate of GTP hydrolysis by CysND and CysNC*D ( Figure 3C ). The intrinsic GTP hydrolysis rate of CysND was below the detection limit of our assay; however, at saturating ATP, k cat GTP was measured to be 0.24 s 21 . The intrinsic GTPase activity of the full complex was similar to that of the stimulated rate of the CysND complex (k cat GTP = 0.28 s 21 ), and this was further enhanced 26-fold (k cat GTP = 7.22 s 21 ) in the presence of ATP. Assays performed to measure the efficiency of APS production by these complexes mirrored the GTPase activities (data not shown).
To ascertain the contribution of CysC* versus CysD to the intrinsic GTPase activity of CysN, we expressed and purified CysNC* and CysN in the absence of CysD ( Figure 3B ). These proteins expressed in a soluble fashion and were monodisperse by gel filtration chromatography. Although GTPase activity was not detectable for CysN alone, CysNC* displayed a low intrinsic GTPase activity (k cat GTP = 0.010 s 21 , Figure 3C ). Neither subcomplex lacking CysD responded to the addition of ATP, demonstrating that ATP stimulation of the full complex is mediated through CysD. Although it is difficult to entirely rule out nonspecific factors that could result from truncating CysNC*, we believe these data, combined with our structural and biochemical data (see below), support a role for multimerization by CysC* in producing an inherently activated state of the enzyme complex. As evidenced by the intrinsic GTPase activities of CysNC*D and CysNC*, this state is further potentiated 28-fold by the addition of CysD. This suggests that CysD behaves analogously to GAP proteins by lowering the transition state energy of GTP hydrolysis by CysN.
GTP Hydrolysis Depends on the Ligand State of CysD and Not on APS Formation
To investigate the relationship between GTP hydrolysis by CysNC* and the catalytic state of CysD, we measured GTPase rates in the presence of various CysD ligands ( Figure 3D (Pinto et al., 2004) . Consistent with studies of the E. coli ATPS, substitution of ATP with AMP has only a slight effect on k cat GTP (Wang et al., 1995; Yang and Leyh, 1997 ATP; here, removal of sulfate causes an approximate 2-fold decrease in k cat GTP . Under these conditions, ATP is hydrolyzed at the same rate as measured in the presence of saturating sulfate ( Figure 3E) . Thus, the rapid hydrolysis of GTP in this scenario represents ''leakiness'' in the interdependence of GDP and APS formation. Given this property of the enzyme, it is not surprising that the complex is tightly transcriptionally regulated by the presence of sulfate (Pinto et al., 2004) .
Using an assay that detects PP i , we also performed experiments in which we probed the linkage between the catalytic activity of CysD and the ligand state of CysNC* ( Figure 3E ). Substitution of GTP with the nonhydrolyzable analog GMPPNP results in an 85-fold decrease in ATP hydrolysis activity of CysD. This result demonstrates that although PP i production is not affected by the presence or absence of sulfate, its production is strongly dependent on the ability of CysNC* to hydrolyze GTP. The low level of GTP hydrolysis in the presence of GMPPNP was not detected in similar studies of the E. coli CysND enzyme (Liu et al., 1994a) . No PP i formation could be detected in the presence of GDP or the absence of a guanosine nucleotide. These findings show that the ligand state of CysNC* is intimately linked to the catalytic state of CysD. Whereas CysN does not require ATP hydrolysis by CysD for maximal activity, CysD does require GTP hydrolysis by CysN in order to efficiently hydrolyze ATP.
Overall Structure of the CysND Dimer Bound to GDP and ATPgS As a first step toward understanding the molecular basis for the energetic coupling between GTP hydrolysis and APS production, we determined the X-ray crystal structure of the P. syringae CysND heterodimer to 2.7 Å resolution. Importantly, the truncation we chose for crystallographic analysis retains GTP-dependent ATPS activity ( Figure 2C ). Crystals of CysND were grown in the presence of GDP and ATPgS. Crystal formation was dependent on GDP and inhibited by the addition of Mg 2+ or other divalent cations. Our CysND crystals belong to the space group R3 and contain one CysND heterodimer per asymmetric unit. After phasing by MAD methods, the model was built and refined to final R work and R free values of 0.222 and 0.276, respectively (Table 1) . Evidence for GDP binding to CysN and ATPgS binding to CysD was unambiguous in experimental electron density maps. Because GTP hydrolysis has been shown to precede ATP hydrolysis in the closely related E. coli CysND system, this combination of nucleotides likely represents a catalytically-relevant intermediate in the enzymatic reaction (Liu et al., 1994a) .
In agreement with our biochemical studies, the crystal structure of the CysND complex shows that the subunits associate in a 1:1 stoichiometry (Figure 4) . The N-terminal domain of CysD resembles PAPS reductase and other members of the ATP PPase family, and it binds ATPgS through contacts with residues in the PP i binding loop . As predicted by primary sequence comparisons (Inagaki et al., 2002) , CysN contains three domains and shares striking structural similarity to EF1A (Figure 5 ). Using the nomenclature adopted for the homologous EF1A, CysN contains a nucleotide binding domain (G domain) consisting of the N-terminal 234 residues. This region connects to domain 2 by an extended six residue linker. Domains 2 and 3 each consist of w100 residues and are six-stranded b barrels whose axes are roughly perpendicular. The orientation of the three CysN domains bestows a ''saucer'' shape to the molecule, with CysD bound on the concave face. This configuration allows CysD, a relatively small globular protein, to make significant contacts to each of the three domains of CysN (Figures 4A and 4B) . A particularly large number of dimer contacts occur between a Numbers in parenthesis represent values for the highest resolution bin. b R sym = SS j jI j 2 CIDj / SI j , where I j is the intensity measurement for reflection j, and CID is the mean intensity for multiply recorded reflections. c R work, free = SkF obs j 2 jF calc k / jF obs j, where the working and free R factors are calculated by using the working and free reflection sets, respectively. The free reflections (5%) were held aside throughout refinement. (Sun et al., 2005; Leyh, 1998, 1999) . This isomerization is dependent upon allosteric interactions between the two active sites of the enzyme. A significant finding in our structure of ATPS is that the nucleotides bound to CysN and CysD are spatially (w40 Å ) and sterically isolated from each other ( Figure 4A ). This finding is noteworthy because it precludes the possibility of direct conformational coupling between residues of the subunits that are in immediate contact with the nucleotides. As illustrated in Figures 5B and 5C , the structures of CysN GDP and EF1A GDP share striking similarity. Several structures of EF1A have revealed that the enzyme undergoes a dramatic structural rearrangement as it cycles between GDP and GTP bound states ( Figure 5C ) (Andersen et al., 2003; Berchtold et al., 1993; Jurnak, 1985; Kjeldgaard and Nyborg, 1992; Sprang, 1997) . Given the fact that CysN possesses a full complement of the sequence elements implicated in the conformational changes of EF1A ( Figure 5A ), we questioned whether the isomerization step of ATPS would be similar to the conformational changes observed for EF1A.
If CysN assumes an EF1A GTP -like structure when bound to GTP, the dimer interface observed in the structure of ATPS would necessarily be significantly altered, or more dramatically, the dimer could dissociate. To assay for dimer dissociation, we subjected purified protein to analytical gel filtration analysis in the presence of 100 mM GDP or GMPPNP ( Figure 3A) . As judged by a single peak elution profile at a mass consistent with the tetramer species, CysN and CysD remained associated under both nucleotide states. The two nucleotide states also showed no change in their measured mass, suggesting that the overall shape of the complex does not differ dramatically between them. To next investigate whether potential structural changes take place in CysN, we performed limited trypsinolysis with purified CysN in the presence of Mg 2+ and either GDP or GMPPNP (Figure 6 ). This experiment revealed that CysN 
Removal of Mg
2+ from the reactions had no effect on CysN GDP ; however, it significantly reduced the stability of CysN GMPPNP . Mass spectrometric and N-terminal sequence analysis of the trypsin-treated protein showed that the differentially protected trypsin cleavage sites of CysN are found in a disordered loop within the switch I region (Figures 5A and 5B). We interpret these nucleotide and Mg 2+ -dependent changes in the resistance to protease stability to reflect altered conformational states that the region adopts during its catalytic cycle. It is interesting to note that the presence of Mg 2+ does not appear to affect the conformation of CysN GDP . Close inspection of a comparison between the active sites of CysN GDP and EF1A GDP may explain this phenomenon. The conserved G3 loop of the switch II domain, comprising residues 110-112 of CysN, is displaced from the active site by several angstroms relative to its position in EF1A GDP (Figure 6A) (Song et al., 1999) . In EF1A, residues of this loop are critical for forming water-mediated Mg 2+ contacts. Mg 2+ binding to another EF1A-like G protein, the yeast translation termination factor eRF3, also was found recently to be heavily dependent on the nucleotide state (Kong et al., 2004) . In this case, Mg 2+ weakened GDP binding but strengthened GTP binding. The authors proposed that this reflects a novel means of GEF-independent nucleotide exchange, whereby cellular Mg 2+ levels would diminish GDP binding and promote GTP binding. This may also hold true for CysN, which does not appear to require a specialized GEF for nucleotide exchange (although CysD could be argued to fulfill for this function). Unlike eRF3, however, our data suggest that the effector region of CysN does undergo conformational changes during the course of nucleotide exchange. Because the alternative nucleotide states of eRF3 were obtained by soaking nucleotides into preformed crystals, it remains unclear whether the absence of conformational changes observed in these structures might have arisen due to crystal packing constraints.
Relationship of CysD and N Type ATP Pyrophosphatases
The structure of CysD bears no detectable similarity to eukaryotic ATPS. Rather, the N-terminal domain of the protein, consisting of the first 211 residues, is structurally homologous to the adenylation domain of N type ATP PPases. Structurally characterized members of this family include the GMP, NAD + , and asparagine synthetase enzymes (Larsen et al., 1999; Nakatsu et al., 1998; Rizzi et al., 1996; Tesmer et al., 1996) . In these proteins, the function of this domain is to activate substrate through adenylation of a carbonyl or carboxylate group. A nucleophile (ammonia in these cases) is generated by a second domain, termed the amidotransferase domain, and subsequently displaces the adenylate group to form the aminated product. The reaction catalyzed by CysD and other ATPS enzymes bears some similarity to those mediated by N type ATP PPases; however, adenylated intermediates have not been directly observed. Previous mechanistic studies have shown that sulfate acts as a nucleophile (Liu et al., 1994a) , but the nature of the electrophile-ATP itself or an adenylated intermediate-has not been defined. One possibility involves formation of an adenylated enzyme intermediate. We found no evidence for this in biochemical studies (data not shown) nor does our structure of CysD bound to ATPgS identify an obvious position for adenylation in the active site. Thus, the presence of intermediates in the reaction catalyzed by CysD remains an open question.
Sequence alignment and structural comparison of the adenylation domain of CysD and other N type ATP PPases domains illuminates a conserved sequence element as a distinguishing feature of CysD (residues 144-178 of CysD) ( Figures 4B and 4C) . Interestingly, this element contains b5 and an extended loop of CysD that forms intimate contacts with both switch regions of CysN. Given that the insertion is highly conserved and specific to CysD, and that it is responsible for all observed direct contacts with both switch domains of CysN, it is likely to be critical for relaying switch domain conformational changes to the active site of CysD.
Although the C-terminal 88 residues of CysD were largely disordered in our structure (see Experimental Procedures), we did observe weak experimental electron density that suggested this domain caps the open nucleotide binding site of CysD (data not shown). Due to the poor quality of the density and the absence of an available model for the domain, this region was not included in our final structure. In GMP synthetase, the open face of the adenylation domain and the distance between the two active sites of the enzyme prompted speculation that the amidotransferase domain closes as a lid in order to facilitate the chemistry required for product formation (Tesmer et al., 1996) . If the C-terminal domain of CysD were to function in an analogous manner, i.e., as a lid that binds sulfate and brings it into proximity with ATP for nucleophilic attack, this may explain why the domain is disordered in our current sulfatefree structure and, additionally, why low levels of sulfate . Stereo diagram comparison of the active sites of E. coli EF1A GDP (green; PDB code, 1EFC) and CysN GDP (red). Conserved residues directly interacting with GTP were used to superimpose CysN and E. coli EF1A (green). These residues and GDP superimpose well (Ca root-mean-square deviation of 0.1 Å ); however, CysN residues (110-112) structurally analogous to those that make water-mediated contacts to Mg potently inhibit crystallization of ATPS under otherwise identical conditions.
Topological Model of a CysNCD PAPS Synthase
Coregulation and substrate channeling have been proposed as evolutionary pressures for gene fusion events (Enright et al., 1999; Huang et al., 2001; Marcotte et al., 1999) . When the activity of two proteins is necessary for the output of a particular biological pathway, a fusion event can ensure perfect transcriptional and translational coordination with minimal intervening regulatory machinery. Substrate channeling can act as an evolutionary pressure for gene fusion if the coordinated activities of two proteins are required and sequential in a biological pathway. Substrate channeling is especially common in pathways that produce reactive or toxic intermediates (Huang et al., 2001) . Either or both of these factors might have contributed to the formation of a PAPS synthase complex comprising a fusion of CysN and CysC.
Based on our structural and biochemical studies, we propose a topological model for the complete CysNC*D complex. Because the inactivating mutations of CysNC* are not expected to affect the overall fold of the enzyme, we anticipate this model is equally valid for fully functional PAPS synthase complexes (CysNCD; Figure 7 ). By virtue of the location of the C terminus of CysN and the short linker between domains (GGGHHH in CysNC*, residues 439-445), there are strict spatial constraints on the location of the APS domain. Interestingly, this model suggests that in a fully functional CysNCD complex, CysN acts as a physical barrier between APS kinase activity, on its convex face, and the activity of CysD on its concave face. Therefore, physical channeling of APS from CysD to CysC is unlikely to occur in CysNCD. This quaternary arrangement also takes into account our biochemical data and previous structural analysis of APS kinase, which strongly suggest that this domain is responsible for tetramerization of the complex (Figure 2A ).
Conclusions
The activation of sulfate by ATPS is required for sulfur prototrophy and for the production of sulfated molecules in a broad spectrum of organisms. Our genomic and biochemical analysis of the P. syringae sulfate assimilation locus has shown that this organism possesses a previously unrecognized variant of the bacterial sulfate assimilation gene cluster, wherein the APS kinase portion of the CysNC gene has been inactivated by activesite mutations. Although not active as an APS kinase, the CysC* domain of CysNC* is responsible for oligomerization and is required for maximal activity of the associated ATPS. Our biochemical dissection of P. syringae ATPS also revealed unique features of the enzyme. We found that binding of CysD to CysN induces its intrinsic GTPase activity and that this event is further potentiated by oligomerization of the complex mediated through the APS kinase-like domain of CysNC*. In the fully assembled complex, the rate of GTP hydrolysis by CysN is largely unlinked to ATP turnover by CysD. That is, robust GTPase activity requires adenosine nucleotide binding, but not sulfurylation. Conversely, ATP hydrolysis by CysD is highly responsive to GTP turnover by CysN.
The structure of P. syringae ATPS in complex with its regulatory GTPase provides a glimpse into the unusual coupling of a G protein to a core metabolic process. A significant finding in the structure is that the distance between the nucleotides of CysN and CysD necessitates transmittance of an intersubunit conformational change for energetic coupling. Our structural and proteolytic data, combined with the existing body of knowledge regarding G protein mechanism, strongly implicate the switch I domain of CysN in this process.
As a critical component of primary metabolism in a number of pathogenic bacteria, ATPS represents an attractive target for antibiotics. Its divergence from eukaryotic ATPS suggests the possibility of target singularity in human hosts. Ongoing efforts in the pharmaceutical industry to target G proteins involved in cell cycle regulation may provide a useful platform for the development of drugs that target sulfate assimilation in bacteria (Walker and Olson, 2005) .
Experimental Procedures
Protein Preparation For crystallographic analysis, P. syringae CysN (GI:28854819, residues, 1-434 of CysNC) was coexpressed with P. syringae CysD (GI:37999564) in E. coli BL21(DE3) by using pET21A and pET28B, respectively. Protein expression was carried out with individual Structure of a G Protein-ATP Sulfurylase Complexcotransformants overnight at 16ºC with 0.35 mM IPTG induction. Cells were harvested and resuspended in 15 ml of lysis buffer (50 mM Tris [pH 7.5], 0.5 M NaCl, 10% glycerol [v/v] , 15 mM imidazole, 2 mM b-mercaptoethanol, and protease inhibitors) per liter of culture. The CysND complex was purified under standard conditions by using a PorosMC (Perspective Biosystems) column followed by a concentration step and an S-300 sizing column. The complex was subsequently concentrated to 20 mg ml 21 , stored, and dialyzed into a minimal solution of 100 mM NaCl, 10 mM Tris (pH 7.5), and 2 mM tris-(2-carboxyethyl)-phosphine (TCEP) overnight prior to crystallization. Selenomethionine protein was overexpressed in minimal media by the protocol of Van Duyne and coworkers and purified similar to native CysND. P. syringae ATP sulfurylase complexes used for biochemical analysis were coexpressed in E. coli JM81A (DE3). P. syringae CysC2 (GI:28872662) was expressed and purified separately in E. coli JM81A (DE3). E. coli JM81A was obtained from the E. coli Genetic Stock Center (#8514) at Yale University. The DE3 lysogen was introduced by using the lDE3 Lysogenization Kit (Novagen). Purification from this strain was performed as above.
Crystallization and Structure Determination
Crystals of CysND were obtained by the vapor diffusion method by mixing 1 ml of dialyzed protein with 1 ml of a well solution (14%-20% PEG 4K [v/v] , 100 mM Tris [pH 8.5], and 200 mM sodium acetate). Nucleotides (GDP and ATPgS) were added to the crystallization drop at a final concentration of 7 mM each. Crystals typically reached optimal size and diffraction quality after one week at room temperature. The crystals were harvested and introduced into a final cryoprotectant solution consisting of well solution with the addition of 10% ethylene glycol (v/v).
Data were collected at Beamline 8.2.1 at the Advanced Light Source (ALS) by using an ADSC Q210 detector. Diffraction data were processed with HKL2000 (Otwinowski and Minor, 1997) (Table 1) . A two-wavelength dataset from a single selenomethionine protein crystal was used for phasing. Selenium positions were initially found in a SAD experiment by using SOLVE (Terwilliger and Berendzen, 1999) . These sites were then refined by using both the peak and remote wavelengths with MLPHARE (CCP, 1994) running under ELVES (Holton and Alber, 2004) . RESOLVE was used to extend the resolution and to calculate initial experimental electron density maps. Model building was carried out with O (Jones et al., 1991) and refinement with REFMAC5 (Murshudov et al., 1997) using TLS restraints (Winn et al., 2001) . A large fraction (15%) of the residues in the asymmetric unit were disordered and therefore not included in the final model. Water molecules were added with ARP/WARP (Lamzin and Wilson, 1993) . Final R work and R free values of 22.2% and 27.6%, respectively, were obtained. All molecular figures were generated with Pymol (http://www.pymol.org).
Biochemical Analyses
CysND complexes were purified as described above (see Protein Preparation). GTP hydrolysis was measured by following GDP formation using the coupled PK/LDH assay (Sigma). ATP hydrolysis was measured with the Pyrophosphate Reagent (Sigma) coupled enzymatic assay. The standard reaction mixture contained 0.50 mM ATP, 0.25 mM GTP, 1.0 mM Na 2 SO 4 , 2.0 mM MgCl 2 , 50 mM HEPES (pH 8.0), and 1.2 mM enzyme. Where noted (see Figures 3D and 3E ), adenosine 5 0 -(a,b-methylene) triphosphate (AMP-CPP, 0.5 mM), pyrophosphate (PP i , 0.5 mM), adenosine 5 0 -monophosphate (AMP, 0.5 mM), b,g-imido guanosine 5 0 -triphosphate (GMPPNP, 0.25 mM), or guanosine 5 0 -diphosphate (GDP, 0.5 mM) was included. Reactions were performed at room temperature in 96-well microtiter format. The products of radioactive reactions were separated by using PEI cellulose TLC plates (J.T. Baker, Phillipsburg, NJ) using 1 M LiCl. Reaction products were quantified by using phosphorimaging followed by densitometry. Limited proteolysis assays contained 2 mg ml 21 CysN, 0.1 mg ml -1 Trypsin, 0.5 M NaCl, 50 mM Tris (pH 7.5), 10% glycerol, 2 mM TCEP, 3 mM MgCl 2 , and 1 mM of the indicated nucleotide.
Supplemental Data
Supplemental Data include one figure and can be found with this article online at http://www.molecule.org/cgi/content/full/21/1/109/ DC1/.
